
N-methyl-D-aspartate (NMDA) receptors are critically

involved in physiological processes of both the developing

and mature vertebrate central nervous system (CNS),

including neuronal patterning formation (Iwasato et al.
2000) and learning and memory (Bliss & Collingridge, 1993;

Tang et al. 1999). NMDA receptors are also implicated,

directly or indirectly, in diseased states ranging from

acute ischaemia-induced cell death to neurodegenerative

disorders (Meldrum, 1992). Hence, regulation of NMDA

receptors is crucial for proper functioning of the CNS. 

Many substances modulate NMDA receptor function

(McBain & Mayer, 1994; Dingledine et al. 1999). Magnesium

is a particularly important modulator that exhibits a

number of modes of action.  It can act as a voltage-

dependent channel blocker from both the external (Mayer

et al. 1984; Nowak et al. 1984; Ascher & Nowak, 1988) and

internal (Johnson & Ascher, 1990; Li-Smerin & Johnson,

1996) sides of the membrane. Magnesium can potentiate

NMDA receptor activity by increasing the affinity of glycine

for the NMDA receptor (Wang & MacDonald, 1995) or

through a glycine-independent mechanism (Paoletti et al.
1995). Under certain conditions, Mg2+ also permeates the

channel of NMDA receptors (Mayer & Westbrook, 1987;

Stout et al. 1996; Antonov & Johnson, 1999; Zhu &

Auerbach, 2001a, b). 

The open-channel block of channels of NMDA receptors

by MgB has been extensively investigated. The widely

accepted mechanism of external Mg2+ (MgB) block

involves MgB binding to a discrete site within the open

channel of NMDA receptors, obstructing current flow,

and then unbinding to the external solution under most

circumstances. The binding site is thought to be deep in

the channel of the NMDA receptor, within the region

where transmembrane voltage drop occurs. As a result, the

affinity of MgB for the binding site changes as a function

of membrane voltage. At hyperpolarized membrane

voltages, the probability of MgB occupying the site is

higher, hence the block is more pronounced.

While MgB occupies the pore, it may interact with

channel gating transitions. There are many ways in which a

blocker can interact with gating. Sequential blockers,

examples of which are thought to include 9-aminoacridine

(Costa & Albuquerque, 1994; Benveniste & Mayer, 1995),

IEM-1857 (Antonov & Johnson, 1996) and tetrapentyl-

ammonium (Sobolevsky et al. 1999), have the extreme
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effect of preventing the channel gate from closing during

block. Other channel blocks allow the gate to close and can

be subsequently ‘trapped’ in the channel when the agonist

is removed. Examples of such blockers of the NMDA

receptor are MK-801 (Huettner & Bean, 1988), memantine

(Blanpied et al. 1997; Chen & Lipton, 1997) and ketamine

(MacDonald et al. 1987). The trapped blocker may also

perturb gating parameters by affecting binding of agonists

or gating transitions (Blanpied et al. 1997; Sobolevsky et al.
1999).  The action of MgB on gating is not yet clear.  Several

pieces of evidence suggest that there is little or no effect of

block by MgB on channel gating: (1) single-channel burst

analysis of MgB block indicated a clear departure from

predictions for a sequential blocker (Nowak et al. 1984);

(2) the NMDA receptor channel can close from the MgB
blocked state (Jahr & Stevens, 1990; Sobolevsky &

Yelshansky, 2000);  and (3) MgB does not prevent NMDA

or glycine dissociation (Benveniste & Mayer, 1995;

Sobolevsky & Yelshansky, 2000). On the other hand, a

reduction in the burst duration and a decrease in the

channel opening frequency may indicate that channel

closure is accelerated during block by MgB (Nowak et al.
1984; Ascher & Nowak, 1988).

Several molecular constituents of the channel of NMDA

receptors have been identified that influence MgB block.

Notably, the N-site, located at the tip of the M2 region, and

its neighbouring asparagine of NR2 subunits are most

likely the key residues that co-ordinate Mg2+
o during block

(Burnashev et al. 1992; Mori et al. 1992; Kupper et al. 1996;

Wollmuth et al. 1998). Kuner & Schoepfer (1996) found

that many other regions of the receptor also influence

MgB block. These regions probably help form the external

and internal vestibules and the pore region (Kuner et al.
1996; Beck et al. 1999) and thus it is unlikely that they all

contribute to the Mg2+ binding site. This diffuse distribution

of structural elements responsible for MgB block appears

inconsistent with the idea that MgB blocks at a discrete

site within the channel. This discrepancy echos the long-

existing puzzle of how MgB block acquires its unusually

strong voltage dependence.  

An explanation of this puzzle was provided by recent

single-channel studies (Antonov & Johnson, 1999; Zhu &

Auerbach, 2001a, b) which demonstrated that permeant

monovalent ions have a powerful effect on the kinetics of

channel block and unblock by MgB. These studies suggest

that voltage-dependent binding of permeant monovalent

ions to the external channel vestibule of NMDA receptors

accentuate the voltage dependence of  MgB block. 

In the work presented here, we investigated the effect of

permeant ions on MgB inhibition of whole-cell NMDA-

activated currents. The goal is twofold. First, we

characterized the relevance of the interaction between

permeant ions and MgB to current inhibition. The results

demonstrate that the equilibrium constant of MgB
inhibition of macroscopic currents is regulated dramatically

by the ionic environment of a neuron. Second, we compare

the whole-cell data with predictions of the previously

proposed model based on single-channel measurements

(Antonov & Johnson, 1999). This comparison tests whether

the model, which was derived from kinetic measurements

made at low MgBconcentrations ([Mg2+]o), is adequate to

explain MgB inhibition of macroscopic currents at higher,

more physiologically relevant [Mg2+]o. The good agreement

between whole-cell measurements of IC50 and single-

channel measurements of KD also implies that MgBblock

has no effect on channel gating. Preliminary versions of

some of these results have been presented previously (Qian

& Johnson, 1997, 1998). 

METHODS
Cell culture
Primary cultures of cortical neurons were prepared as described
by Li-Smerin & Johnson (1996). The procedure was approved by
the Institutional Animal Care and Use Committee at the
University of Pittsburgh. Briefly, 16-days-old pregnant Sprague-
Dawley rats were killed by CO2 inhalation. Brains from the
embryos were removed and cerebral cortices were harvested. The
cortical cells were dissociated enzymatically and plated at a density
of 2 w 105 to 2.5 w 105 cells ml_1 onto 35 mmdiameter plastic Petri
dishes that contained glass coverslips, which either had been
coated with poly--lysine or contained a glial cell feeder layer.
Cells were used from 10 to 42 days after plating. 

Solutions
Solutions were delivered through a five- or seven-barrel fast
perfusion system, similar to the one described in Blanpied et al.
(1997). Solution changes were accomplished by movements of
barrels. Each barrel was connected to a gravity-fed reservoir of
solution. At the output of the reservoir, a solenoid valve was used
to turn solution flow on or off. The speed of flow was adjusted by
varying the height of the reservoirs to ensure rapid and complete
change of solution following movement of the barrels. With this
system, a 98–99 % complete solution exchange typically occurs
within 120 ms (Blanpied et al. 1997). 

Solutions were prepared daily from frozen stocks. For external
solutions, 0.2 µ tetrodotoxin was added. Currents were activated
by 10 µ NMDA + 30 µ glycine (identified on Figures as
NMDA). Strychnine (1 µ) was also included to prevent activation
of the strychnine-sensitive glycine receptor. Magnesium
concentrations from 1 µ to 3 m were added to external
solutions. To determine whether the contaminating [Mg2+] was
sufficiently great to affect the final [Mg2+] of external solutions, we
used an atomic absorption spectrophotometer (Perkin-Elmer
2380; Shelton, CT, USA) to measure [Mg2+]. Contaminating
[Mg2+] in the control external solution + 10 µ NMDA + 30 µ
glycine was too low to be measured accurately, but we established
that it must be less than 0.31 µ. Based on this low maximal level
of contaminating Mg2+, we did not use Mg2+ buffers (which in
some cases may yield inaccurate final-free [Mg2+]; Li-Smerin et
al. 2001) or make corrections to Mg2+ concentrations. The
abbreviations and contents of external bath solutions are (m):
‘140 Na¨’ solution (where Na¨representsexternal Na+), 140 NaCl,
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1 CaCl2, 2.8 KCl and 10 Hepes; ‘70 Na¨’ solution, 70 NaCl, 140
sucrose, 0.5 CaCl2, 2.8 KCl and 10 Hepes.  The pH of external
solutions was adjusted to between 7.1 and 7.2 using NaOH. In
experiments in which external Ca2+ (CaB) concentration
([Ca2+]o) was changed to 0.2, 0.5 or 2 m (in 140 Na¨ solution) or
to 0.1 m (in 70 Na¨ solution), no other changes in solute
concentration were made. When [Ca2+]o was raised to 5 or 20 m
(in 70 Na¨ solution), the sucrose concentration was reduced to
125 or 80 m, respectively.

Caesium was used as the principal intracellular permeant cation
because it inhibits K+ conductance in neurons, but is about as
permeant through the channel of NMDA receptors as Na+ and K+

(Tsuzuki et al. 1994). The abbreviations and contents of the
internal solutions are (m): ‘125 Csˆ’ solution, where Csˆ
represents internal Cs+, 125 CsCl, 10 EGTA and 10 Hepes; ‘8 Csˆ’
solution, 8 CsCl, 117 N-methyl--glucamine (NMDG), 10 EGTA
and 10 Hepes. The pH of the internal solutions was adjusted to
between 7.1 and 7.2 using CsOH or HCl.  

NMDG was used to adjust the osmolality of the internal solutions
because it maintains ionic strength while neither blocking nor
permeating the channel (Villarroel et al. 1995). Sucrose was used
for external solutions because no ionic substitute for Na+ could be
found that did not either block or permeate the channel from the
external solution at the necessary concentration (Antonov et al.
1998). The junction potentials between the pipette and bath solution
were measured and found to be 5 mV for the 140 Na¨/125 Csˆ
solution, _3 mV for the 140 Na¨/8 Csˆsolution, and _7 mV for
the 70 Na¨/8 Csˆ solution. All holding potentials were corrected
for junction potentials. Ultra-pure salts were used when available.
Tetrodotoxin was purchased from Alomone Labs (Jerusalem,
Israel); all other chemicals were from Sigma Chemical Co. (St
Louis, MO, USA). 

Whole-cell recordings and analysis
Whole-cell patch-clamp recordings were performed at room
temperature according to standard methods (Hamill et al. 1981).
Pipettes (resistance of 2–5 MV) were pulled from borosilicate
thin-walled glass capillaries with filaments (Warner Instrument
Corp., Portland, OR, USA ). Access resistance was compensated at
60–80 %. Currents were recorded with an Axopatch-1D or _200
amplifier, low-pass filtered at 10 kHz, digitized at 44 kHz with a
Neuro-Corder (Cygnus Technology, Delaware Water Gap, PA,
USA) and stored on videotape for later analysis. A continuous
printout of the current trace on a chart recorder was used to
monitor the quality of the recording and for later analysis. We
imposed a delay of at least 5 min between breaking into the whole-
cell configuration and the start of recording to allow for adequate
exchange of the cytoplasm with the pipette solution. NMDA-
activated currents in the absence and presence of MgB were used
to estimate MgB IC50 from _105 to _15 mV at 10 mV increments.
During each measurement, agonists were applied to obtain a
steady-state current in the absence of MgB (Icontrol). One or several
different [Mg2+]o were applied in the presence of agonists to obtain
currents in the presence of MgB(IMg); MgB application was
followed by a second measurement of Icontrol. Recordings were
discarded if the amplitudes of the first and second steady-state
Icontrol differed by more than 12 %. 

The steady-state whole-cell current amplitudes were measured
either directly from the chart recorder output or using pCLAMP 6
(Axon Instruments, Union City, CA, USA). Similar results were
obtained with either approach. Normalized current in the
presence of MgBat each voltage was calculated as a ratio of IMg to
Icontrol (represented as a percentage).

Millimolar MgB can potentiate NMDA responses in a glycine-
and voltage-independent manner (Paoletti et al. 1995). To
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Figure 1. Correction for potentiation by MgB
A, example of a cell in which the NMDA-activated current was potentiated by MgB. Bars above the traces
indicate times of agonist and MgB application. At _25 mV, the inward current was inhibited by 1 m MgB;
at +55 mV, 1 m MgB potentiated the outward current. B, calculated MgB IC50 values before (1) and after
(ª) correction for MgB potentiation are plotted here for comparison. At depolarized voltages, where MgB
IC50 reaches the millimolar range, MgB potentiation leads to overestimation of IC50 values and exaggeration
of the voltage dependence of MgB inhibition. 



accurately measure inhibition of NMDA-activated current by
MgB, IMg/Icontrol was corrected for MgB potentiation. We tested
the potentiation only when [Mg2+]o was 1 m or higher because
initial experiments indicated that 300 µ MgB (the next highest
[Mg2+]o to 1 m) showed negligible potentiation. Potentiation by
MgB was quantified by measuring IMg/Icontrol at +35 or +55 mV.
Then, IMg/Icontrol measured at negative voltages was corrected for
MgB potentiation using the equation:

Corrected fractional current = 100 IMg/(Icontrol A),

where corrected fractional current is expressed as a percentage
and  A is the value of IMg/Icontrol measured at +35 or +55 mV in the
same cell. Figure 1A shows a recording where potentiation by
1 m MgB was observed. At +55 mV, IMg/Icontrol was 116 %; at
_25 mV, IMg/Icontrol was 48 % in the presence of 1 m MgB, with
the corrected IMg/Icontrol being 42 %. MgB potentiation interfered
with accurate measurements of IC50, as shown in Fig. 1B, where
corrected and uncorrected IC50 values are compared from
_15 mV to _45 mV. 

The IC50 of MgB at each voltage was obtained by fitting IMg/Icontrol

at various MgB concentrations using the following equation:

IMg/Icontrol = 100/[1 + ([Mg2+]o/IC50)
nH].

IC50 and nH (Hill coefficient) were free parameters in fitting and
the result is expressed as a percentage. Curve fitting was performed
using Origin 3.0 or 4.0 (Microcal Software, Northampton, MA,
USA). All data points were used  to obtain the IC50, although the
means were plotted for clarity in Figs 2B and 3B. Each IC50 value

was based on IMg/Icontrol measurements at 3–8 different [Mg2+]o

from 20–112 cells. Data are expressed as means ± ... Student’s
t test was used for statistical comparisons.

RESULTS
Effect of internal permeant ion on MgB inhibition
of NMDA-activated currents
We first investigated the effect of changing Csˆ
concentration ([Cs+]i) on MgB inhibition of NMDA-

activated whole-cell current. We compared MgB inhibition

of NMDA-activated currents in two sets of solutions,

140 Na¨/125 Csˆ and 140 Na¨/8 Csˆ solutions. Figure 2A
shows current traces recorded at _95 mV (left) and _55 mV

(right) for 125 Csˆ (upper traces) and 8 Csˆ (lower traces).

At _95 mV, the two traces (with 125 and 8 Csˆ) exhibited

similar values of IMg/Icontrol at each [Mg2+]o. At _55 mV,

MgB inhibited NMDA-activated currents more effectively

with 8 Csˆ. 

To further quantify MgB inhibition of NMDA-activated

current with the 125 and 8 Csˆ solutions, concentration–

inhibition curves were constructed at each voltage tested.

The IC50 of MgB at each voltage was obtained by curve

fitting of IMg/Icontrol at various [Mg2+]o as described in

Methods. Examples of concentration–inhibition curves
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Figure 2. Effect of Csˆ on inhibition by MgB of NMDA-activated current
A, whole-cell NMDA-activated currents were inhibited by the indicated [Mg2+]o (in µ). The [Mg2+]o used
were the same for upper and lower current traces. Bars above the traces show times of application of each
solution. Each of the four current traces is from a different cell. At _95 mV (left), the values of IMg/Icontrol were
80, 69 and 38 % for 125 Csˆ (upper trace) and 85, 71 and 47 % for 8 Csˆ (lower trace) in 1, 3 and 10 µ MgB,
respectively. At _55 mV (right), the values of IMg/Icontrol were 91, 77 and 59 % for 125 Csˆ (upper trace) and 73,
50 and 27 % for 8 Csˆ (lower trace) in 10, 30 and 100 µ MgB, respectively. The dashed lines indicate 50 and
100 % of Icontrol to assist visual comparison among traces. B, examples of concentration–inhibition curves are
shown. The symbol, solution, voltage and IC50 for each trace are: 1, 140 Na¨/125 Csˆ, _95 mV, 9.79 µ;ª, 140 Na¨/8 Csˆ, _95 mV, 6.46 µ; 0, 140 Na¨/125 Csˆ, _45 mV, 232 µ; •, 140 Na¨/8 Csˆ, _45 mV,
30.8 µ.



are shown in Fig. 2B. These examples demonstrate a

general trend: IC50 was lower with 8 Csˆ than 125 Csˆ at

each voltage, suggesting that Csˆ reduces MgB inhibition

of the NMDA receptor-mediated currents. In addition,

this effect of changing  [Cs+]i was voltage dependent, since

at _95 mV,Csˆ had a much weaker effect on MgB IC50

than at _45 mV.

Effect of external permeant monovalent ion on MgB
inhibition of NMDA-activated currents
We next investigated how changing Na¨ concentration

([Na+]o) affects MgB inhibition of NMDA receptors. To

minimize potential competition between Na¨ and Csˆ
(Antonov & Johnson, 1999), low [Cs+]i was used in this

series of experiments. MgB inhibition of NMDA-

activated currents was quantified with 70 Na¨/8 Csˆ and

with 140 Na¨/8 Csˆ solutions. Figure 3A shows sample

traces recorded at _95 mV (left) and _35 mV (right) with

140 Na¨ (upper traces) and 70 Naˆ (lower traces). At each

voltage, increasing [Na+]o reduced inhibition by MgB.

Voltage dependence of the effect of changing [Na+]o on

MgB inhibition of NMDA-activated currents was not

apparent.

Concentration–inhibition curves were constructed at each

voltage tested with the 140 and the 70 Na¨ solutions.

Examples of these curves are shown in Fig. 3B. The IC50 of

MgB was lower when [Na+]o was reduced, indicating that

MgB block becomes more pronounced in low [Na+]o. The

shift of concentration–inhibition curves was comparable

at both voltages. 

Comparison of the effects of internal and external
permeant monovalent ions on MgB inhibition of
NMDA-activated currents
External magnesium IC50 values measured as described

above are listed in Table 1 and plotted in Fig. 4 for all three

solution combinations. The data demonstrate that changing

permeant monovalent ion concentrations have a profound

effect on the MgB IC50. For example, at _15 mV, a decrease

in permeant ion concentration resulted in reduction of MgB
IC50 from 2390 µ (in 140 Na¨/125 Csˆ) to 208 µ (in

140 Na¨/8 Csˆ), and further to 132 µ (in 70 Na¨/8 Csˆ).

The large variation in MgB IC50 values in different solutions
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Figure 3. Effect of Na¨ on inhibition by MgB of NMDA-activated currents
A, whole-cell NMDA-activated currents were inhibited by the indicated [Mg2+]o (in µ). The upper traces
are from two different cells and the lower traces are from a third cell. At _95 mV (left), the values of IMg/Icontrol

were 36 % for 140 Na¨ (upper trace) and 19 % for 70 Na¨ (lower trace). At _35 mV (right), the values of
IMg/Icontrol were 60 % for 140 Na¨ (upper trace) and 38 % for 70 Na¨ (lower trace). Dashed lines, 50 and 100 %
of Icontrol. B, examples of concentration–inhibition curves are shown. The symbol, solution, voltage and IC50

for each trace are: 9, 70 Na¨/8 Csˆ, _85 mV, 3.72 µ; ª, 140 Na¨/8 Csˆ, _85 mV, 6.55 µ; 8, 70 Na¨/8 Csˆ,
_45 mV, 19.4 µ; •, 140 Na¨/8 Csˆ, _45 mV, 30.8 µ.

Table 1. Measured MgB IC50 values

MgB IC50 MgB IC50 MgB IC50

Voltage 140 Na¨/125 Csˆ 140 Na¨/8 Csˆ 70 Na¨/8 Csˆ
(mV) (µ) (µ) (µ)

_15 2390 208 132
_25 1180 70.3 63.2
_35 541 56.3 35.8
_45 232 30.8 19.4
_55 116 24.9 12.3

_65 55.5 12.1 7.06
_75 41.5 12.1 5.89
_85 17.2 6.55 3.72
_95 9.79 6.46 2.98

_105 4.60 3.43 2.36

MgB IC50 values are shown here for the three indicated solution
combinations. Because each IC50 value was derived from a single fit
to population data, no standard deviation or error is shown.



gradually diminished with hyperpolarization such that at

_105 mV, the same decrease in permeant ion concentrations

resulted in reduction of MgB IC50 from 4.60 µ (in

140 Na¨/125 Csˆ) to 3.43 µ (in 140 Na¨/8 Csˆ), and

further to 2.36 µ (in 70 Na¨/8 Csˆ). Changing permeant

ion concentrations not only affected the magnitude of

MgB inhibition, it also altered the voltage dependence of

MgB inhibition, which was shallower in 140 Na¨/8 Csˆ
and 70 Na¨/8 Csˆ than in 140 Na¨/125 Csˆ. The lines

plotted in Fig. 4 are quantitative predictions from the

kinetic model of Antonov & Johnson (1999). In this

model, binding of permeant monovalent ions to sites in

the external vestibule of the channel of NMDA receptors

prevents MgB block and unblock of the channel (see

Discussion). 

The effects on MgB IC50 of changing [Cs+]i and [Na+]o

exhibit a striking difference in voltage dependence. To
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Figure 4. Voltage and permeant monovalent ion concentration dependence of MgB IC50

IC50 values (symbols); measured as shown in Figs 3 and 4, and quantitative predictions of MgB KD values
(lines) made with the model of Antonov & Johnson (1999; see Fig. 8); are plotted as follows: 140 Na¨/125 Csˆ,1 and —; 140 Na¨/8 Csˆ, ª and- - -; 70 Na¨/8 Csˆ, 9 and ...... The following equations were used with no free
parameters to calculate the predictions of the model (Vm is membrane potential in mV; kNa and kCs are in mM;
k_,o andk_,i are in s_1; and k+ is in M_1 s_1.

KD (apparent dissociation constant for MgB) = k_,app/k+,app,

k_,app (apparent MgB unbinding rate) = k_,o/[(1 + [Na+]o/KNa)]2 + k_,i, 

k+,app (apparent MgB binding rate) = k+/((1 + [Na+]o/KNa)(1 + [Na+]o/KNa + [Cs+]i/KCs)),                                                   

k_,o (intrinsic MgB unbinding rate to external solution) = 1.10 & 105 exp(Vm/52.7),

k_,i (intrinsic MgB unbinding rate to internal solution) = 61.8 exp(_Vm/50.0),       

k+ (intrinsic MgB binding rate) = 1.10 & 109 exp(_Vm/55.0),

KNa ([Na+] at which each external site half occupied by Na+) = 34.4,

KCs ([Cs+] at which external site half occupied by Cs+) = 0.279 exp(_Vm/21.0).           

Figure 5. Comparison of voltage dependence of internal and
external permeant monovalent ion effects on MgB IC50

Ratios of IC50 values measured in normal and low permeant ion
concentrations are plotted as a function of voltage. 0, IC50 (in
140 Na¨/125 Csˆ)/IC50 (in 140 Na¨/8 Csˆ); ª, IC50 (in 140 Na¨/8 Csˆ)/IC50

(in 70 Na¨/8 Csˆ). The dashed line marks a ratio of 1. The ratio for a change
in [Cs+]i increases with depolarization, while the ratio for a change in [Na+]o

shows no apparent voltage dependence.



illustrate this difference, the ratio of MgB IC50 values

measured in normal and low concentrations of each

permeant monovalent ion is plotted as a function of

voltage in Fig. 5 (see legend). Decreasing either [Cs+]i or

[Na+]o reduced the MgB IC50, since all the ratios were

greater than 1. At _105 mV, the effects of changing [Cs+]i

and [Na+]o were comparable, with both ratios at 1.4. With

depolarization, the effect of changing [Cs+]i on MgB IC50

became more pronounced. At _15 mV, decreasing [Cs+]i

caused an 11.5-fold reduction in MgB IC50 value, while

decreasing [Na+]o resulted in a 1.6-fold reduction in the

MgB IC50 value. 

Effect of [Ca2+]o on MgB inhibition of NMDA-
activated currents
In the whole-cell experiments described so far, external

solutions contained a [Ca2+]o of 1 m when 140 m Na¨
was used and 0.5 m when 70 m Na¨ was used. As the

channel of NMDA receptors is highly permeable to CaB
(MacDermott et al. 1986; Mayer & Westbrook, 1987;

Ascher & Nowak, 1988; Burnashev et al. 1995), even these

low [Ca2+]o might have interfered with our measurements

of the effects of Na¨ and Csˆ on MgB inhibition.

Therefore, we next examined the effects on MgB
inhibition of variations of [Ca2+]o around 1 m.

Representative current traces recorded at several [Ca2+]o

are shown in Fig. 6A. The left panel shows current traces

recorded in the same cell in 140 Na¨/125 Csˆ at _65 mV, in

normal [Ca2+]o (top, 1 m CaB) and in low [Ca2+]o

(bottom, 0.2 m CaB). The right panel shows an example

recorded in a second cell in 70 Na¨/8 Csˆ at _45 mV, in

normal [Ca2+]o (top, 0.5 m CaB) and in low [Ca2+]o

(bottom, 0.1 m CaB). Within each trace, the [Ca2+]o was

the same in each solution (external solutions without

agonists or MgB, with only agonists, and with agonists and

MgB). When [Ca2+]o was decreased fivefold, the steady-state

Icontrol became larger, as expected (Mayer & Westbrook,

1987; Ascher & Nowak, 1988), while inhibition by MgB
(reflected by IMg/Icontrol) was not noticeably affected. 

Measurement of Icontrol and IMg/Icontrol at various [Ca2+]o

were normalized to values measured in normal [Ca2+]o
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Figure 6. Effect of low [Ca2+]o on NMDA-activated current and its inhibition by MgB
A, sample traces are from recordings in the [Ca2+]o indicated below each trace. The effect of CaB is shown for
experiments using 140 Na¨/125 Csˆ at _65 mV (left two traces) and with 70 Na¨/8 Csˆat _45 mV (right two
traces). Top traces are in normal [Ca2+]o and bottom traces are in fivefold reduced [Ca2+]o. [Mg2+]o was in µ.
To assist visual data comparison, dashed lines are plotted at the value of IMg/Icontrol measured in normal
[Ca2+]o: 34.5 % in 140 Na¨/125 Csˆ (left, top) and 36.8 % in 70 Na¨/8 Csˆ (right, top) in A. The measured
values of IMg/Icontrol in low [Ca2+]o are 35.1 % in 140 Na¨/125 Csˆ (left, bottom) and 36.6 % in 70 Na¨/8 Csˆ
(right, bottom). B, Icontrol (1) and IMg/Icontrol (ª) were measured in various [Ca2+]o; all data were normalized to
values in normal [Ca2+]o from the same cell (top, 1 m CaB; bottom, 0.5 m CaB) and were plotted as a
function of [Ca2+]o for 140 Na¨/125 Csˆ (top) and for 70 Na¨/8 Csˆ(bottom). Icontrol depended on [Ca2+]o, but
IMg/Icontrol was not affected by lowering [Ca2+]o, except for a small decrease in inhibition by MgB at 2 m CaB.
Plotted data are pooled from recordings performed at _45 and _65 mV in 140 Na¨/125 Csˆ and at _45, _65
and _95 mV in 70 Na¨/8 Csˆ. At least three cells were used under each CaB, Csˆ, Na¨ and voltage condition.



within the same cell. The mean normalized values are

plotted as a function of [Ca2+]o in Fig. 6B. The majority of

the experiments were performed at _45 or _65 mV; for

experiments in 70 Na¨/8 Csˆ, recordings were also made at

_95 mV to rule out a voltage-dependent effect of changing

[Ca2+]o on IMg/Icontrol measurements. None of the normalized

IMg/Icontrol values at any voltage was statistically different

from 1 at [Ca2+]o from 0.1 to 1 m (the P values ranged

from 0.12 to 0.96). Normalized Icontrol values, on the other

hand, increased with reduction of [Ca2+]o. Therefore, under

the conditions used here, CaB did not competitively

influence the effects of permeant monovalent ions on

MgB inhibition.

We noticed a slight increase in IMg/Icontrol value in 2 m

CaBcompared with normal [Ca2+]o (ratio of 1.04 ± 0.01,

P < 0.005). This observation, and the previous work of

Mayer & Westbrook (1987) on relief of MgB inhibition by

CaB, led us to examine the effects of higher [Ca2+]o. We

tested whether 5 or 20 m CaB affected the MgB IC50 of

NMDA-activated currents. We used a hyperpolarized

voltage (_95 mV) because, if the effect of CaB is voltage

dependent, its effect should be greater at more negative

voltages (Mayer & Westbrook, 1987). 70 m Na¨ and

8 m Csˆ were used to minimize potential competition

from other permeant ions. Figure 7A shows current traces

recorded in 5 m CaB (left) and 20 m CaB (right).

MgB inhibited NMDA-activated currents more effectively

in 5 than in 20 m CaB. 

Figure 7B shows MgB IC50 measured at in 0.5, 5 and

20 m CaB. Increasing [Ca2+]o greatly weakened MgB
inhibition. Changing [Ca2+]o from 0.5 to 5 m increased

the MgB IC50 by 4.3-fold, and further increasing [Ca2+]o to

20 m increased MgB IC50 by an additional factor of 2.4. 

DISCUSSION
In this study, the effects of the permeant ions Na¨, Csˆ and

CaB on inhibition by MgB of whole-cell NMDA-activated

currents were investigated. The main findings are as

follows. (1) MgB inhibition of NMDA-activated currents

can be profoundly modulated by changing permeant ion

concentrations. (2) Decreasing [Cs+]i decreased MgB IC50

in a voltage-dependent manner. At hyperpolarized voltages,

the Csˆ effect was weak; at depolarized voltages, the Csˆ
effect was powerful. (3) Decreasing [Na+]o weakly decreased

the MgB IC50 in a voltage-independent manner. (4) In

contrast to the permeant monovalent ions, CaB at

concentrations up to those normally present (0.5 or 1 m)

had no effect on MgB inhibition of NMDA-activated

currents, while higher [Ca2+]o appeared to greatly reduce

MgB inhibition.

Model of permeant monovalent ion effects on MgB
IC50

Mechanistic interpretation of these results can be aided by

a previous model based on a single-channel study of the

effects of permeant monovalent ions on MgB blocking

kinetics (Antonov & Johnson, 1999). The characteristics of

this model (schematized in Fig. 8) are as follows. (1) There

are two binding sites for permeant monovalent ions in the

external vestibule of the NMDA receptor. Na¨ can bind to

one or both of these sites, while Csˆ can occupy only one of

the sites. (2) When either site is occupied by Na¨ or Csˆ,

MgB cannot enter to block the pore. (3) When MgB is

blocking the pore, Na¨ can occupy one or both of the

external permeant monovalent ion sites and prevent MgB
from exiting to the external solution until Na¨ dissociates

from the binding site. This aspect of the model is

reminiscent of the ability of external K+ to slow Ba2+
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Figure 7. Effect of high [Ca2+]o on inhibition by MgBof NMDA-activated current
A, whole-cell NMDA-activated currents were inhibited by the indicated [Mg2+]o (in µ) at _95 mV. The
traces are from different cells. The values of IMg/Icontrol were 32 % in 5 m CaB (left) and 71 % in 20 m CaB
(right). Dashed lines indicate 50 and 100 % of Icontrol. B, whole-cell measurements of MgB IC50 are plotted for
three [Ca2+]o (0.5, 5 and 20 m CaB). Data for 0.5 m are replotted from Fig. 4. The MgB IC50 values (in
µ) are: 2.98, 12.8 and 30.7 in 0.5, 5 and 20 m CaB.



unblock by binding to the external lock-in site of Ca2+-

activated K+ channels (Neyton & Miller, 1988; Jiang &

MacKinnon, 2000). (4) MgB can permeate the channel at

a low, voltage-dependent rate. An alternative kinetic model

(Zhu & Auerbach, 2001a, b) of permeant monovalent ion

effects on MgB block will be discussed below.

The model above provides an explanation for the high

voltage dependence of MgB inhibition of NMDA receptors.

Csˆ reduces MgB inhibition in a voltage-dependent

manner by binding at the external permeant monovalent

ion site. Since Csˆ must cross the entire membrane field to

reach its binding site, Csˆ binding and its subsequent effect

on MgB inhibition is stronger at depolarized voltages.

This voltage-dependent effect of Csˆ on MgB inhibition

exaggerates the voltage dependence of MgB inhibition

that results from the location of the blocking site in the

membrane field (Woodhull, 1973). 

Effect of Csˆ
To determine whether the model shown in Fig. 8 can

explain the powerful effects of Csˆ on MgB IC50, we

compared predicted values of MgB KD derived from the

model to the IC50 values measured here. KD values were

predicted from the model as described in the legend of

Fig. 4. Predictions were made with all parameters fixed at

the values determined from previous single-channel

experiments (Antonov & Johnson, 1999). Figure 4

compares the results of whole-cell experiments (symbols)

to the model predictions (lines). The agreement was

excellent for both 140 Na¨/125 Csˆ and 140 Na¨/8 Csˆ,

supporting the accuracy of the model’s description of the

effect of Csˆ on MgB inhibition. This agreement between

data and model predictions also suggests that the model,

which was derived from measurements made in a low

[Mg2+]o range (1–100 µ), is adequate to explain the

blocking phenomenon at a more physiologically relevant

(millimolar) [Mg2+]o range.

Effect of Naˆ
The effect of changing [Na+]o on MgB inhibition

measured in whole-cell experiments and predicted by the

model are also compared in Fig. 4. Three observations can

be made. First, as the model predicts, changing [Na+]o did

affect MgB inhibition of NMDA-activated currents. Second,

the effect of changing [Na+]o was small, which conforms

with the model’s prediction that the effect of [Na+]o on

MgB unbinding rate (Fig. 8, states 7 and 8) should

partially compensate for the effect on MgB binding rate.

Third, there were some differences between the model

predictions and the whole-cell data. The model predicts

that the effect of changing [Na+]o on MgB IC50 should be

weakly voltage dependent, but there is no evidence of

voltage dependency based on the whole-cell data. Despite
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Figure 8. Diagram of model of MgB block of NMDA receptors
The model based on single-channel measurement of MgB block (Antonov & Johnson, 1999) is schematized
here. States 1 and 2 illustrate MgB block and unblock of the open channel of the NMDA receptor when
permeant ions are not bound. States 3–6 illustrate states in which Na¨ and/or Csˆ occupy the external
permeant monovalent ion sites and prevent MgB from entering the channel. States 7–8 illustrate that
occupancy by Na¨ of the external permeant monovalent ion site(s) prevents bound MgB from exiting to the
external solution, although permeation to the internal solution is still permitted.



this relatively small discrepancy between the model

predictions and the measured MgB IC50 values with

70 Na¨/8 Csˆ, the whole-cell data are consistent with the

basic aspects of the model.  

The weak voltage dependence of the [Na+]o effect

predicted by the model stems from competition between

Na¨ and Csˆ for one of the external permeant monovalent

ion sites. At depolarized voltages, the principal effect of

increasing [Na+]o is to decrease the MgB unblocking rate

to the outside. This is because the probability of Csˆ
binding is high, and hence increasing [Na+]o has very

little additional effect on the MgB blocking rate. At

hyperpolarized voltages, since Csˆ occupies the binding

site only infrequently, will the addition of Na¨ reduce

substantially the blocking as well as the unblocking rates of

MgB. 

The reason for the small discrepancy is unclear. One

possibility is that in 70 Na¨/8 Csˆ, the channel of NMDA

receptors adopts a modified conformation that MgB
blocks with slightly different kinetics. Similarly, a [K+]-

dependent change in the conformation of the outer

vestibule of K+ channels that strongly affects block by TEA

has been reported (Immke et al. 1999). Consistent with

this hypothesis, model predictions fit the 70 Na¨/8 Csˆ
data better when we used a different set of parameter

values, those of Zhu & Auerbach (2001b). Both 140 Na¨
data sets, however, are better described using parameter

values shown in the legend of Fig. 4 . 

Another possible explanation for the discrepancy with

70 Na¨/8 Csˆ is that lowering [Na+]o results in a change in

the MgB permeation rate. A previous study suggested that

at 0 [Na+]o, MgB permeation was greatly accelerated

(Stout et al. 1996). Increased MgB permeation could

occur if, at low [Na+]o, a second MgB can enter the

channel vestibule, destabilize the blocking MgB, and

increase its rate of unblock to the internal solution.  

We also attempted to explain our 70 Na¨/8 Csˆ data by

incorporating into our model an internal permeant ion

binding site, as in the model of Zhu & Auerbach (2001a, b).

Their model is based on single-channel studies of the

effects of [Na+] and [K+] on the kinetics of MgB block of

recombinant NMDA receptors. Although there are

many similarities between their model and the model

summarized in Fig. 8, a prominent difference is that Zhu &

Auerbach (2001b) proposed an additional internal ion

binding site located 16 % into the voltage field from the

internal side of the membrane. Occupancy of this site by

K+ was found to increase the unblocking rate of MgB. 

We did not expect that addition of an internal binding site

to the model used here would yield better fits to the

70 Na¨/8 Csˆ data because: (1) relatively little occupancy

of the internal site would be expected at this low [Cs+]i;

and (2) the internal site may selectively bind K+, since Na+

does not measurably interact with the site (Zhu &

Auerbach, 2001b). The observation that changes in [Cs+]i

do not affect MgB unbinding rate (Antonov & Johnson,

1999) suggests that Cs+ may also have a low affinity for

the site. To test the model with an internal permeant

monovalent ion site, we fixed the electrical position of the

internal site, and the MgB unbinding rate with the site

occupied, to the values specified in Zhu & Auerbach

(2001a, b). The Cs+ affinity for the internal site was left as a

free parameter. When the other parameters were fixed at

the values reported by Antonov & Johnson (1999; see Fig. 4

legend), no significant improvement in fits was observed,

despite the addition of a free parameter. When the other

parameters were fixed at the values reported by Zhu &

Auerbach (2001a, b), an improvement in the fit of the

70 Na¨/8 Csˆ data was observed. This improvement,

however, was also observed when the Zhu & Auerbach

(2001a, b) parameters were used without addition of an

internal site, as described above. The fit to the

140 Na¨/8 Csˆ data set remained much worse than that

shown in Fig. 4, despite addition of a free parameter. Thus,

the data in Fig. 4 do not provide clear support for an

internal binding site for Csˆ. 

It is possible that Cs+ can bind to an internal site, but does

not measurably affect MgB block or unblock while bound.

Previous work with organic channel blockers suggested

the presence of an internal Cs+ binding site located outside

the voltage field (Antonov et al. 1998). It is not possible at

present to determine whether this internal Cs+ site is

distinct from the internal K+ site reported by Zhu &

Auerbach (2001b). 

Effect of [Ca2+]o

The powerful influence of Na¨ and Csˆ on MgB inhibition

of NMDA-activated currents suggests the possibility that

CaB may compete with permeant monovalent cations for

their external sites, and thereby affect MgB inhibition as

well. If, under the conditions of these experiments, there

was significant binding of CaB to the external permeant

monovalent ion sites, then lowering [Ca2+]o should have

affected the MgB IC50. However, we observed that

lowering [Ca2+]o by a factor of 5 had no effect on IMg/Icontrol.

This observation, in combination with previous single-

channel observations (Antonov et al. 1998; Antonov &

Johnson, 1999), suggests that CaB does not compete with

Na¨ or Csˆ for their external binding sites under normal

(low [Ca2+]o) conditions. NMDA-activated current in 0

MgB, in contrast, did increase as [Ca2+]o was reduced. This

result is consistent with previous observations (Mayer &

Westbrook, 1987; Ascher & Nowak, 1988) and indicates

that the site at which CaB binds with highest affinity

during channel permeation is distinct from the external

permeant monovalent ion sites.  

At high [Ca2+]o, MgB inhibition was strongly reduced at

_95 mV, an observation consistent with the data of Mayer
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& Westbrook (1987). It is possible that high [Ca2+]o

increases MgB IC50 as a result of CaB binding at a

previously described binding site in the external portion of

the NMDA-receptor channel (Premkumar & Auerbach,

1996; Sharma & Stevens, 1996). This external binding site

might overlap with the external permeant monovalent ion

sites. High CaB may increase MgB IC50 by slowing the

apparent MgB binding rate (similar to Na¨), by binding

while MgB blocks and increasing the MgB permeation

rate (as proposed by Mayer & Westbrook, 1987), or by a

combination of these effects.  

MgB interaction with channel gating
The similarity between MgB IC50 measured in whole-cell

experiments and KD (the ratio of MgB unblocking and

blocking rates) predicted from single-channel experiments

also has implications for MgB interaction with channel

gating. IC50 and KD values should differ if channel gating or

agonist binding equilibria are modified when MgB occupies

the channel (Johnson & Qian, 2002). For example, if MgB
binding prevents the channel from closing, channel burst

duration would be increased by MgB. As a result,

reduction of current flow by MgB channel block would be

partially offset by the lengthening of channel bursts, and

the macroscopic IC50 would be larger than the KD measured

from single-channel experiments. The agreement between

IC50 and KD values is consistent with the idea that MgB
binding has no effect on the gating of NMDA receptors or

on agonist unbinding. This conclusion was also reached by

Sobolevsky & Yelshansky (2000), who proposed that MgB
block does not affect channel desensitization, channel

closure or agonist dissociation. They further suggested

that MgB can be trapped in the closed channel. This idea

was strongly supported by Amar et al. (2001) using an

NMDA receptor with a high affinity Zn2+ blocking site

generated by mutating the N-site amino acid to cysteine.

The slow unbinding of Zn2+ from the mutated receptor

permitted a clear demonstration that Zn2+ is trapped by

closure of the channel. The observation that MgB blocks

without perturbing gating suggests that the selectivity filter,

which is very close to the MgB blocking site (Burnashev et
al. 1992; Mori et al. 1992; Wollmuth et al. 1996, 1998), is

relatively insulated from conformational changes associated

with gating transitions. The observation that many channel

blockers, probably including MgB, can be trapped points

to conformational changes associated with gating in a

region well external to the N-site. 

Physiological or pathological implications
The profound effects of permeant ions on MgB inhibition

may indicate a role for permeant ions in modulating

cellular excitability under physiological or pathological

conditions. Ion concentrations fluctuate significantly as a

result of neuronal activity. Rose & Konnerth (2001), using

two-photon Na+ imaging, observed an increase of [Na+] in

dendritic spines 100 m in response to tetanic stimulation.

More extreme fluctuations may occur in  diseased states.

Kager et al. (2000), for example, predicted an increase of

over 50 % in the total internal ion concentration during

modelled seizure discharge. Based on the results presented

here, changes of this magnitude in total internal permeant

cation concentration would lead to a substantial decrease

in inhibition by MgB. The result could be a great

exacerbation of neuronal damage.
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